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Highlights

¢ Synthesis of tryptophan doped carbon dots.
e Experimental design optimization ofthe tryptophan doped carbon dots synthesis.
¢ Fluorescence sensingof peroxynitriteby tryptophan doped carbon dots.

e Peroxynitrite quantification in serum samplesby tryptophan doped carbon dots.

Abstract

Tryptophan doped carbon dots (Trp-CD) were micravasynthesized. The
optimum conditions of synthesizingof the Trp-CDwestablished by response surface
multivariate optimization methodologies and were fbllowing: 2.5 g of glucose and 300
mg of tryptophan diluted in 15 mL of water exposed 5 minutes to a microwave

radiation of 700 W. Trp-CD have an average siz€®@fnm, were fluorescent with a



quantum vyield of 12.4% and the presence of perdsitmianion (ONOQ provokes
qguenching of the fluorescence. The evaluated daoalynethodology for ONOQdetection
shows a linear response range from 5 to 25 uM witimit of detection of 1.5 uM and
quantification of 4.9 uM. The capability of the OROquantification was evaluated in
standard solutions and in fortified serum samples.

Keywords: Carbon dots; Tryptophan; Peroxynitrite; SensirigpFescence quenching

1. Introduction

Peroxynitrite anion (ONOQ one of the mainreactive oxygen and nitrogen
species(ROS/RNS), is implicated in several phygick or pathological processes.The
formation of ONOQn vivois the result of the fast reaction between nitsicde (NO) and
superoxide (@) radicals. The ONO® unstable in acid mediumbut relatively stable in
basic solution. AtpH lower than 7.4 ONO(3 protonated,forming the peroxynitrous acid

(ONOOH, pk, = 6.8), followed by decomposition to nitrate [1-3]

The ONOOis a strong oxidant and a powerful nitration agehbiomolecules,
including proteins, resulting in the modificatioftreir structures and functions. Some of
the reactions of ONOQwith proteins occurthrough a direct reaction wikle tcysteine,
methionine and tryptophanamino acids residues.dBesiis reaction pathway, also the
reaction of ONOOwith proteins could occur through the direct reattwith transition
metal centres and selenium-containing aminoacidsindirectly by the reaction of
secondary ONOWerived radicals (hydroxyl, nitrogen dioxide andbcaate radical) with

protein residues|3].

Due to the biological role of ONOQanalytical methodologies for its detection or

quantification are of outstanding relevance. Howeiuts reactivity, short half-life, rapid



diffusion, low concentration, antioxidant mecharssmarticipation in several oxidation
and nitration reactions and the presence of passierferences, makes the detection of
ONOOQO challenging [1, 2, 4-6].Most of the analytical madlblogies for ONOOarebased

in is reactivity. Based on is nitrating ability etlletection of ONOQwas done through the
detection of the product of the tyrosine nitrati@anitrotyrosine) by immunochemical or
chromatographic techniques [4, 7-9] andof tryptaphdration (5- and 6-nitrotryptophan)
by liquid-chromatography-mass spectrometry (LC-M8)[The fluorescence and
chemiluminescence detection of ON@based on is oxidation capability. A great number
of organic fluorophores probes as the fluorescé&n g, 11-18] and rhodamine [12,
19]derivatives were oxidized by the ON@@d the related fluorescent oxidation product
was evaluated.Fluorescence quenching methods lagbd oxidation by the ONOGf
folic acid [20] or L-tyrosine [21] and chemilumiresce methods based in the
guantitativeoxidation of the chemiluminescence psoltuminol and coelenterazine [5]

were developed.

Carbon dots (CD)are fluorescent nanoparticles waitractive analytical properties
such water solubility,high quantum vyield fluoresoenhigh biocompatibility and good
photostability[22, 23].They can be synthesised éyesal methods using different carbon
precursors[24]. Microwave assisted CD synthesia sraightforward methodology and
several precursors can be used, for example:cadbates[25, 26], PEG[27], citric
acid[28] and dopamine[29].Due to their fluorescewbaracteristics, the CD have been
proposed for the fluorescence sensing of differanalytes [22, 24]. For the direct
detection of ONOODby nanoparticles a quenching fluorescent methagkedban thiol-
capped CdTe or CdTe/ZnS quantum dots (QD)[30] aodl@imetric methodology based

on Au nanoparticles have now been proposed [31]tk®rfluorescencethiol-capped QD



methodology a limit of detection (LOD)of 0.01,0.88d 0.07uM at a pH 9.4 and for the

colorimetric Au nanoparticles a linear range from&to 20.77 mMwerecalculated.

In this paper we describe the design and syntlé<D for ONOO detection and
quantification. Taking into consideration the niwa and oxidation potential of ONOQO
the amino acid tryptophan was used to dope a cgdoate (glucose) precursor, in order to
make them reactive towards peroxynitrite anion.thrs study,glucose(Bare-CD) and
tryptophan doped glucose (Trp-CD) were used as @&upsors using a microwave
pyrolysis methodology. The synthesis process ofdhevo CD samples, Bare-CD and
Tryp-CD, were optimized using multivariate expermted design methodology. The
potential of the CD nanoparticles as ONG¥@nsor was evaluated. Trp-CDsynthesized in
the presence of glucose and tryptophan has beeweghan improvement in the quantum
yield(®) comparatively to Bare-CD prepared only from gkecand showed a greater
sensibility to the ONOOpresence probably due to the oxidation of trypéwphdded to

CDfunctionalization.

2. Experimental
2.1. Reagents

Tryptophan, hydrogen peroxide {B%), sodium hydroxide (NaOH), hydrogen
chloride (HCI), sodium phosphate dibasic, monosodphosphate,potassium superoxide
(KOy), potassium iodide (Kl)and sodium nitrite (NapN@nalytical grade reagents were
purchased from Merck, Darmstadt (Germany).Glucoasge purchased from Sigma—Aldrich
Quimica S.A. (Spain). Mili-Q water with resistivigf 18.2 MQ.cm at 25 °C was used in
all experiments.

2.2. Solutions



The ONOO andNO standard solutions were prepared as inTh8]Q~ and HO,
standard solutions were prepared by rigorous wegghof KO, and by rigorous
measurement of the required volume ofOpkin deoxygenated water. Diluted standard
solutions of the ROS/RNS were prepared by rigordihgtion of the initial standard
solutions for ONOQin NaOH 0.1 M and for NO, £ and HO, in deoxygenated water.

The ONOOQquantification evaluations were performed contngllithe pH at 7.4
(neutral physiological pH). Phosphate buffer pH %wés preparedthrough rigorous
weightingof sodium phosphate dibasic and monosogibosphatefor the required volume
of solution and posterior addition of NaOH or HCL Min order to adjust the pH.In the
evaluation of the pH effect in the fluorescencemsity of the synthetized Bare-CD and

Trp-CD alsothe pH was adjusted with NaOH or HCI .1

2.3. CD synthesis

Attending to the experimental designs performedotento establish the optimum
conditions of synthesis different masses of glucesel tryptophan were initially
solubilizedin water and posterior heated in a ddgimesicrowave at the maximum power
of 700 W at different heating times. Subsequeritly $olutions were leaving to cool and
were dissolved in water. The obtained solutionseviken centrifuged at 9000 rpm for 10
min in order to remove the suspended impurities analume of 30 mL were set with

water.

2.3.1Experimental design optimization
Optimization using response surface experimentsigdemethodologies were used

in order to establish the more adequate condittonthe Trp-CD synthesis [32-34].An



evaluation of the optimum conditions to the Bare-§Dthesis was previous done. Initial
screening fractional or full factorial and posterioptimization central composite
experimental designs were implemented with the timsblef software version 7.51,
Camo ASA, Norway.

The evaluation of the results found by the expenit@ledesign optimization of the
Bare and Trp-CD synthesis was performed as prelyiodisscribed[13]. Only for the
screening fractional factorial experimental destge initially evaluation of the main
effects and variable interactions was done by a 2oison with a Scale-Independent

Distribution (COSCIND) instead by a Higher Ordentetactions Effects (HOIE).

2.4. Instrumentation
2.4.1. Spectrophotometric measurements

The absorbance andthe fluorescence spectra wdeetedl respectively in a Jasco
V-530 UV-Visiblespectrophotometer and FP-6200 gpdictorimeter in the required
conditions. The reaction time profiles were obtdiaé the maximum emission wavelength
of 496nm for Bare-CD and of 470nm for Trp-CD by @ptical fiber spectrophotometer
using a QE65000 charge-coupled detector and a B80ght emitting diodefrom Ocean
Optics.

The fluorescence quantum yieldof the CD was evatbabmparing the integrated
photoluminescence intensities and the absorbances/af the CD with the ones of the
quinine sulphate reference.

Grad n°
@ = P, x

Grad, nz
In the equation? is the fluorescence quantum yie@ad is the gradient from the

plot of integrated fluorescence intensity vs. abaoce and; is the refractive index. The



subscriptR refers to reference fluorophore quinine sulphdtenown @. The literatured
of the quinine sulphate B=0.54[30].They of the quinine sulphate in 0.1M,850, and of
CDaqueous solutions used ware 1.33.

The fluorescence lifetimes were calculated usiktpaba Jovin Yvon Fluoromax 4
TCSPC spectrophotometer and the corresponding aat{Decay Analysis Software v.
6.4.1, Horiba Jovin Yvon). Fluorescence decays weterpreted in terms of a multi-
exponential functioni(t) = A+ZBjexpi/ti, whereA andB; are the pre-exponential factors
andr; the decay times.

The Fourier transform infrared (FTIR) spectra weld#ained by a Perkin Elmer
FTIR Spectrum 400 spectrophotometer in solid stédte an attenuated total reflectance
(ATR) accessory in a range of 4000 tio 650 cmt with 16 accumulationsand resolution
of 2 cmi,

The X-ray photoelectron spectroscopy (XPS) analysés performed using a
Kratos AXIS Ultra HSA, with VISION software for datacquisition and CASAXPS
software for data analysis. The analysis was achwig with a monochromatic Al & X-
ray source (1486.7 eV), operating at 15kV (90 W), HAT mode (Fixed Analyzer
Transmission), with a pass energy of 40 eV forargiROI and 80 eV for survey. Data
acquisition was performed with a pressure lowen the10°® Pa, and it was used a charge
neutralization system. The effect of the eleath@arge was corrected by the reference of
the carbon peak (285 eV). The deconvolution of spewas carried out using CasaxXPS
programs, in which a peak fitting is performed gstaussian-Lorentzian peak shape and

Shirley type background subtraction.

2.4.2. Particle size measurements



For the evaluation by experimental design syntheptgnization the particle size
of CD and their frequency size distribution wasaniéd by dynamic light scattering
(DLS) in a Nano Delsa C, Beckman Coulter.The sizé shape of thesynthetized CD in
the optimum synthesis conditions were also posteswaluated by transmission electronic
microscopy (TEM) analysis in a Fei Company Tecna&2 @0 S-Twin electronic

microscopic.

3. Results and discussion

3.1. CD synthesis

An optimisation of CD synthesis was done by experital designs methodologies
in order to define the best conditions for the B@@ and Trp-CD synthesis
(supplementary information).

Bare-CD were synthesized from microwave treatmentgueous solutions of
glucose. The objective is to obtain CD with thehaigt quantum yield and smaller size the
possible under this bottom up procedure. In ordemoptimize these CD features an
experimental design of the factors microwave timass of glucose and volume of water
was done. Bare-CD with the highest fluorescencensity and smaller size were obtained
from 15 mL of water, 5 g of glucose and 9 minuteswrowave time.

The optimization of the synthesis of the CD fromiagise doped with tryptophan
(Trp-CD) followed a similar strategy to that of BaCD but one more factor was under
analysis, the mass of tryptophan. Trp-CD with thghést fluorescence intensity and
smaller size were obtained from 15 mL of water, @.6f glucose, 300 mg of tryptophan

and 5 minutes of microwave time.



3.2. CD characterization

The excitation-emission matrices (EEM) of Bare-Gid &rp-CD are shown in Fig.
1. The analysis of these EEM shows that they aite gifferent and that corresponding of
Trp-CD are characterized by several bands in centwih Bare-CD that shows only one
fluorescence band. A detailed analysis of the EEMpfCD shows:

() A band at the same excitation wavelength (3#Qai the found with the Bare-

CD witha slightly different emission wavelength (B&CD — 486 nm; Trp-CD
— 457 nm) but with a marked differenceof the flsmence intensity (Bare-CD
- 44.6; Trp-CD - 604.4).

(iNOne band at excitation wavelength 270 nm andssion wavelength at 360 nm
that could be assigned to the tryptophan residuet@o other bands at
excitation wavelengths (260 and 300 nm)with theesamission wavelength of
457 nm.

The analysis of th@ of Trp-CD shows a marked increase of 34 tim@s=(12.4)
when compared to that obtained for the Bare-@D=(0.36). The lifetime decay curves of
the fluorescence emission of both CD samples aite glifferent, and its comparison
shows that Trp-CD have components with longerilifetthan Bare-CD. Multicomponent
decay models adequately fit the data: Bare-CD eethtomponent decay time model
(x*=1.58) with lifetimest;=2.77 ns,1,=0.53 ns and;=6.80; Trp-CD - five component
decay time model{=1.36) with lifetimesr;=0.94 ns,=0.89 ns;5=0.03 ns;,=21.54 ns
andts=5.67 ns (supplementary information). This analgsisfirms that the fluorescence
lifetime of Trp-CD is longer and is a mixture ofudirophores more complex than that

observed for Bare-CD, and shows that tryptophanndpgf glucose increases the lifetime



as well as the quantum yield.These results confitimas the tryptophan doping have a
strong effect on the luminescence properties ofibe

The mechanism that could explain the fluorescemopgrties of CD is related to
the existence of surface defects and presenceygieoxfunctional groups [22]. In order to
assess if the fluorophores present in Trp-CD asatéa in the surface of the nanoparticles,
iodide anion was added and the dynamic quenchirigeofluorescence was measure. The
linearization of the quenching profiles observedtbte maximum of the four emission
bands of Trp-CD with a modified Stern-Volmer eqaatshow that all the fluorophores are
localized at the surface of the nanoparticle betfthorophores responsible for the band
with excitation 270 nm and emission 360 nm. Indeedly 73% of this class of
fluorophores is localized at the surface of theopamticles at accessible positions to
iodide(supplementary information). This charactarisis justified because these
fluorophores correspond to tryptophan residues arel distributed for all over the
nanomaterial.

The effect of the pH, temperature and ionic strengtthe maximum fluorescence
intensity of the bands of Bare-CD and Trp-CD wasli&d (supplementary information).
The pH has a marked effect in the fluorescencengiye of both samples and is
characterized by a general decreasing trend agHhs raised. Increasing the temperature
also provokes a decreasing trend in the fluorescént the magnitude of the effect is
smaller than that observed for the pH. The ioniergth has a relatively small effect on
the fluorescence intensity of both CD with no cleand. The stability of the fluorescence
intensity of both samples of CD upon excitation veaecked and, besides an initially

slight decrease, the fluorescence intensity remaimsst constant.



Fig. 2 shows the FTIR spectra of both CD sampleBe Thain common
bandsobserved in both CD samples are: strong baB80® cni(-OH), strong band at
1020 cnt* (-CO), and two weak bands at 2926 €At H) and 1650 ci(C=C).Some clear
differences aredetectedin the spectra of the twotkdd are due to the -NH and -CN
groupspresented in Trp-CD. The band assigned toirdieth samples are markedly sifted
(Bare-CD 3306 cif; Trp-CD 3298 crif),as well as the band assigned to —CO (Bare-CD
1011 cm’; Trp-CD 1024 crif). Also two bands at 1714 ¢hand 1751 crh related to
=C=0 are now clearly evident in the Trp-CD spectrum

The XPS survey spectrum of the Bare and Trp-CDthadC1s, N1s and Ol1s core
level spectrum are presented in supplementarynrdton. The XPS survey spectrum of
the Bare and Trp-CD shows the presence of carbd8%6 and 61.8% atomic
concentration, respectively) and oxygen (34.5% &8812% atomic concentration,
respectively) in both samples and a smaller amadmitrogen in the Trp-CD (1.7%
atomic concentration) — a residual band, probabby/td nitrogen, is hardly observed in the
Bare-CD survey spectrum (< 0.05%). The Cls corellspectrum of Trp-CD can be
decomposed into four bands at 285.0 eV (26.7%),528¥ (59.1%), 288.0 eV (12.3%)
and 289.4 eV (1.9%). The main contribution at landing energy (285.0 eV) is assigned
to the presence of surface methylene group, gia@ntd adventitious carbon. The band at
286.5 eV has the highest relative intensity anehaly be assigned to C-OH groups. The
two low intensity bands can be assigned to C=0,6€énd C-N moieties. The C1s core
level spectrum of Bare-CD has a similar shape @b ¢ Trp-CD but with slightly different
proportions: 285.0 eV (14.6%), 286.6 eV (66.1%)7.98V (17.3%) and 289.3 eV (2.0%).
The N 1s core level spectrum of Trp-CD can be dguused into two contributions at

400.2 eV (78.6%) and 402.1 eV (21.4%). The mairdbardue to N-C structures while the



minor band is due to N=C and N-O structures. A iteetaexamination of the N1s core
level spectrum region of Bare-CD confirms that plossible band is almost confused with
the noise level. The Ols core level spectrum ofQBpcan be decomposed into three
contributions at 531.3 eV (3.7%), 532.9 eV (89.986d 534.1 eV (6.5%). The main
contribution to the Ol1s core level spectrum isilaited to oxygen from alcoholic and
carbonyl groups. The other minor contributions nieydue to CO and/or NO surface
structures. The O 1s core level spectrum of Bareh@®a similar shape to that of Trp-CD
but with slightly different proportions: 531.1 eX.(0%), 532.9 eV (92.2%) and 534.0 eV
(6.8%). These results show that the surface of B@hare oxidized with a high degree of
oxygen functional structures and the Trp-CD samplss show at the surface some traces
of nitrogen containing structures.

The size and shape of both CD samples were detednfiy TEM analysis (Fig.3).
For the Bare-CD a size of 2 and up to 8 nm is ofeskewith an elliptic or irregular shape.
For Trp-CD, nanopatrticles with a higher size thaareBCD of 12 up to 29 nm,with a
spherical or irregular shape are observed. A sitatlsevaluation of the size distribution
considering a sample of 100 nanopatrticles showe-B®:x = 4nm @@= 1); Trp-CD:x =
20 nm = 4).

The size distribution of both CD samples in solutwas determined by DLS
(supplementary information). These results confinat Bare-CD P50% = 8 nm) have a
smaller particle size distribution than Trp-CD50% = 153 nm). Also, these results show
an agglomeration tendency for both samples in soluwhich is particularly evident for
Trp-CD, probably because this sample has a highesity of functional groups due to the
tryptophan doping. The low evaluated potential Zetaboth kinds of CD (Bare-CD, -

6mV; Trp-CD, + 10 mV) confirms the agglomeratiomdency of both CD. Even so,



evaluations of fluorescence intensity and the quanyield with the time shows that the

fluorescence proprieties of both CD are not affétte this agglomeration tendency.

3.3. Trp-CD ONOO' sensing

Fig. 4 presents the plots of the Bare and Trp-@Dr#scence intensity as function
of the concentration of the main ROS/RNSOB O,, NO and ONOQ The analysis of
these plots shows that, although a decrease dluthieescence of the Bare-CD is observed
when increasing the ROS/RNS species concentratibissnot analytically significant (a
few fluorescence units) when compared with the ghierg of fluorescence provoked by
ONOQO on the fluorescence intensity of Trp-CD (more tlmare hundred fluorescence
units).

Fig.5show typical reaction time profiles of Trp-@ith ONOQO. In the range 0.5 -
25 uM alinear fit y = -6.76x -3.39 (m = 7), R = -0.993Fan = 3.35, LOD = 1.5M, LOQ
= 5.QuM are obtained. A worse linear fit is found witlt@ncentration range of ONOQp
to 50 uM(supplementary information). The deviation of knigy that is observed for
higher ONOOconcentrations is due to the pH variations indusgdhe ONOOalkaline
standard concentrated solution.Comparing to thevigue obtained by the already
developed nanosensors [30, 31], and attending & ltlwest ONOQoncentration
evaluated, an intermediary ONQantification capability by the developed nanosens
was obtained.

The quenching of the fluorescence of Trp-CD by ON@@s studied by Stern-
Volmer plots and at two temperatures (Fig. 6).Thalysis of these plots show their linear
trend with Stern-Volmer constant€d) of 9900+800 (20 °C) and 4460+190 (37 °C}.M

Taking into consideration themagnitude of these stamts and its temperature



dependencea static quenching is observed probaidytal a chemical reaction between
ONOQO and the tryptophan residues in the CD (nitrationadation reaction).

In order to assess the Trp-CD based methodologyartialysis of ONOQOwas done
in standard solutions and fortified serum sampledle 1 presents the results found in this
analysis which shows that good quantification rssulere observed with the solutions

under investigation.

4. Conclusions

Relatively high quantum vyield carbon nanoparticearbon dots-CD) were
successively prepared from glucose doped tryptogfigmCD) by a bottom up one step
microwave synthesis. Doping with tryptophan resllte CD with increased sensitivity
and selectivy towards peroxynitrite anion. The Bgsts of Trp-CD was optimized with
experimental design methodologies. The synthesiagblon nanoparticles had an average
size of 20.3 nm with an irregular spherical shage ONOO anion provokes quenching
of the fluorescence intensity of the Trp-CD prolyattie to the oxidation of tryptophan
residues in the surface of the CD. The ON@e&ection shows a linear range from 2.5 to
25 uM with a limit of detection of 1.5 puM. The ONOQuantification capability of the
Trp-CD evaluated in standard solutions and in sefortified samples shows adequate
recoveries.
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Fig. 1 -EEM of Bare (a) and Trp-CD (b) at the optimum swsik conditions.

Fig. 2 - FTIR spectra of Bare and Trp-CD.

Fig. 3— Images obtained by TEM analysis of the Barafa) Trp-CD (b).

Fig. 4 - Effect of ONOO on the other ROS/RNS in Bare (a) and Trp-CD (b).

Fig. 5— Typical fluorescence time profiles of the Trp-GIPONOO addition.

Fig. 6 — Stern-Volmer plots at two different temperatures

s, -interpolated standard deviationgCinterpolated 95 % confidence interval: intercepts,-intercept standard deviatiob:-
slope;s,- slope standard deviatios; - standard deviation of residuaR: linear correlation coefficientn - number of
calibration points.
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Table 1 - ONOO quantification results in standard solutions andfartified serum

samples.

Trp-CD (Mgic - 2.5 g;Myrp — 300 Mg;tmic — 5 min)

[onoo] (UM) Standard solutions

Fortified serum (10 x)

Expected 5 ; 10 l 15

S¢= -1.04 | 5= -0.97 | 53 =-0.96
|C95%= +4.48 E |C95%= +4.15 E |C95%= +4.11

S; =-2.16




ACCEPTED MANUSCRIPT

_____________________________________________________________________________________________

Recovery (%) | 102.65 | 8785 | 119.89 | 105.43
y =bx + a Al = f([onoo])]
a=-7.09;5=2.83
b =-3.25;5=0.18
Si= 2.86 ;R = 0.9969
m=4,5-25uM




